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The outermost layer of the skin, the stratum corneum (SC), is composed of corneocytes and an intercellular lipid matrix. The matrix acts as
both the main barrier and also as the pathway of water, drugs, etc. across the SC. In the mammalian SC, the longitudinal arrangement of the lipid
molecules, consisting of long and short lamellar structures with repeat distances of about 13 nm and 6 nm, respectively, has been observed by
small-angle X-ray diffraction. In the lateral arrangement of the lipid molecules, hexagonal and orthorhombic hydrocarbon-chain packing has been
observed by wide-angle X-ray diffraction. From the systematic study of the temperature dependence of simultaneous small- and wide-angle X-ray
diffraction patterns, we demonstrate that the intercellular lipid matrix forms two domains, which consist at room temperature of a long lamellar
structure with hexagonal hydrocarbon-chain packing and a short lamellar structure with orthorhombic hydrocarbon-chain packing.
© 2006 Elsevier B.V. All rights reserved.Keywords: Hexagonal structure; Hydrocarbon chain; Long lamellar; Orthorhombic structure; SAXD; Short lamellar; Skin; WAXD1. Introduction
The intercellular lipid matrix of the stratum corneum (SC)
plays an important role in transepidermal drug delivery, barrier
functions, etc. [1,2]. To elucidate these molecular mechanisms,
an understanding of the structure of the intercellular lipid matrix
is essential. The structure in the SC is characterized in terms of
two orthogonal lattice spacings: one is due to the lamellar repeat
distance and the other to the lattice constant of the lateral
hydrocarbon-chain packing. The lamellar repeat distance has
been obtained from small-angle X-ray diffraction (SAXD)
analysis of the mouse SC [3–5] and human SC [6], and from
small-angle neutron diffraction (ND) analysis of the human SC
[7]. The lattice constant for hydrocarbon-chain packing has
been observed with wide-angle X-ray diffraction (WAXD) for
the mouse SC [3,4] and human SC [8] and with electron
diffraction (ED) for the human SC [9].Abbreviations: DSC, differential scanning calorimetry; SC, stratum
corneum; SAXD, small-angle X-ray diffraction; WAXD, wide-angle X-ray
diffraction
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doi:10.1016/j.bbamem.2006.08.014In SAXD studies of various mammalian SCs, a long lamellar
structure with a repeat distance of about 13 nm has been
predominantly observed, together with a less distinct short
lamellar structure with a repeat distance of about 6 nm [10].
Under hydrated conditions with heavy water, only the short
lamellar structure was clearly observed by ND [7]. This
observation is explained by the uneven distribution of water
in the two structures: the long lamellar structure does not
contain water and hence contributes weakly to ND, whereas the
short lamellar structure contributes predominantly to ND [7].
Consistent with this view, the repeat distance of the long
lamellar structure is unchanged on SAXD as the water content
increases [4], whereas that of the short lamellar structure
increases on SAXD [5] and ND [7]. Thus, structural analysis of
the short lamellar structure seems to be a key factor in the study
of the hydrophilic character of the intercellular lipid matrix.
Furthermore, it has been pointed out that there is an interaction
between the long and short lamellar structures [5].
As for the lateral hydrocarbon-chain packing, hexagonal
hydrocarbon-chain packing with a lattice constant of 0.42 nm
and orthorhombic packing with lattice constants of 0.42 nm and
0.37 nm have been observed with WAXD and ED, for various
mammalian SCs [8,9]. Because the lattice constant of 0.42 nm is
coincidentally common to both the hexagonal and orthorhombic
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diffraction peaks on WAXD [3] makes detailed data analysis
difficult. It has already been established from an ED study that
the regions with hexagonal and orthorhombic hydrocarbon-
chain packing coexist at room temperature [9]. The purpose of
the present study was to determine the correspondence between
the lamellar structures (long or short) and the lateral packing
(hexagonal or orthorhombic), to verify the coexistence of two
distinct domains.
2. Materials and methods
2.1. Sample preparation
Eight-week-old male hairless mice (HR-1, Hoshino, Japan) were used. The
mice were treated in accordance with the International Guiding Principles for
Biomedical Research Involving Animals published by the Council for the
International Organization of Medical Science and the Regulations on Animal
Care and Welfare at SPring-8. The skin was separated from a euthanized
hairless mouse. After removal of the subcutaneous fat, the skin was soaked
with 0.1% trypsin in phosphate-buffered saline solution (pH 7.4) at 4 °C for
16 h. After incubation for another 4 h at 37 °C, the SC was separated from the
skin. The SC was then treated with 0.1% trypsin inhibitor, rinsed in distilled
water, and dried under vacuum maintained with a rotary pump. Hydration of
the SC samples was performed as follows. First, the dried samples were fully
hydrated by immersion in pure water. Second, they were kept in a closed
vessel for a few hours at 4 °C. Third, the samples were dehydrated under a
stream of dry nitrogen gas until they reached the desired hydration of about
25 wt.%, where the water content was defined as 100 (weight of water / [weight
of dry SC+weight of water]) %. Because of the gradual dehydration process,
adjustment of the water content was possible, and the water content was
estimated by weighing the sample before and after hydration. Fourth, a piece
of the sample (about 3–5 mg) was immediately sealed in a capillary tube for
X-ray diffraction analysis.
2.2. Small- and wide-angle X-ray diffraction
The experiments were performed at BL40B2 (Structural Biology II
Beamline) of SPring-8 (Hyogo, Japan). The details of the beamline have been
described elsewhere [11]. X-ray diffraction profiles were recorded using an
imaging plate system (R-AXIS IV; Rigaku, Tokyo, Japan) with a 30×30 cm2
area. The X-ray wavelength was 0.083 nm and the sample-to-detector distance
was about 400 mm. The reciprocal spacing S=(2/λ)sinθ was calibrated from the
lattice spacing (d=5.838 nm; d is the lamellar repeat distance) of a silver
behenate crystal at room temperature [12], where 2θ is the scattering angle. The
exposure time was 30 s. The diffraction pattern was circular averaged to obtain a
radial intensity profile.
The temperature of the sample was controlled using a temperature
regulator (SR-50; Shimaden Co., Tokyo, Japan), and was measured with a
thermocouple embedded in the sample holder. All the experiments were
performed in a heating scan at a rate of 0.5 K min−1. Hence, the total exposure
time was about 20 min in a single scan. The X-ray diffraction profile was
recorded every 2.5 °C. Checks for the appearance of radiation damage were
made at 25 °C, as follows. We applied an X-ray beam with almost the same
intensity as used in the heating scan experiments. First, we measured the X-ray
diffraction profile with an exposure time of 30 s; second, we applied the X-ray
beam for 10 min; third, we measured the X-ray diffraction profile under the
same conditions as used in the first measurement; fourth, we applied the X-ray
beam for another 10 min; and finally, we measured the X-ray diffraction
profile again. The three diffraction profiles at 2.4 nm−1 were compared with
each other, because the profiles were clearly observable. The peak intensity
decreased slightly with exposure time; that is, compared with the intensity at
the beginning, the intensity in the middle was reduced by 4% and the intensity
at the end was reduced by another 2%. Because the radiation damage was only
small, we assumed that this effect was not serious in the analysis of the present
results.3. Results
To elucidate the correlation between lamellar structure and
lateral packing, we carried out simultaneous SAXD and WAXD
measurements on hairless mouse SC as a function of
temperature, with especial attention to the structural changes
at phase transitions. The SAXD and WAXD data from the SCs
are plotted against temperature in Fig. 1a and b. From highly
sensitive differential scanning calorimetry (DSC) [13], the
transition temperatures of the intercellular lipid matrix in the
hairless mouse SC were 32 °C, 39 °C, 51 °C, and 71 °C, which
are indicated by thick horizontal lines in Fig. 1a and b. A thin
horizontal line is drawn in Fig. 1a and b at about 56 °C, where a
broad maximum was also observed by DSC. The additional
thick line observed by DSC at 103 °C indicates an anomaly
associated with proteins [14]. The intensity contours for both
SAXD and WAXD were essentially the same in all the samples
measured. We summarize the behavior of the structural changes,
with attention to the transition temperatures, as follows:
(a) On SAXD (S=0.05–0.10 nm−1), as the temperature
increases from 20 °C to 32 °C, the intensity starts to
decrease for the long lamellar structure with a repeat
distance of 13.6 nm (whose higher-order diffraction peaks
appear at the second, third, fourth and fifth orders of
S=0.0736 nm−1), and the lamellar repeat distance is
almost constant. Above 32 °C, the intensity decreases
further and the lamellar repeat distance starts to decrease
gradually. The intensity becomes very low at about 56 °C
(see the thick curve A in Fig. 1a). This behavior is
compatible with previous observations that the lamellar
diffraction profile becomes very diffuse at 45 °C [3] and
that the lamellar structure disappears at 55 °C [4].
(b) On WAXD, at 39 °C, the SC undergoes a structural
transition from the orthorhombic to the hexagonal phase,
which is designated “a high-temperature hexagonal
phase” below. That is, at 39 °C, the diffraction peaks
at 2.41 nm−1 and 2.68 nm−1, which belong to the
hydrocarbon-chain packing of the orthorhombic phase,
disappear. Above 39 °C, the diffraction peak at
2.43 nm−1, which is due to the hydrocarbon-chain
packing of the high-temperature hexagonal phase
appears instead. Above 39 °C, the lattice constant of
the hydrocarbon-chain packing in the high-temperature
hexagonal phase gradually increases with increases in
temperature. Above 51 °C, the lattice constant increases
further and the intensity becomes weaker. This behavior
continues up to 71 °C (see the thick curve D in Fig. 1b).
As pointed out in the Introduction, at a lattice constant of
about 0.42 nm (S≈2.4 nm−1), the diffraction peaks for
the orthorhombic and low-temperature hexagonal hy-
drocarbon-chain packing are superimposed at low
temperatures. In fact, the width is rather large, as
discussed by White et al. [3]. Firstly, it can be inferred
that high-temperature hexagonal hydrocarbon-chain
packing is unlikely to evolve from low-temperature
hexagonal hydrocarbon-chain packing. If these two
Fig. 1. Simultaneous SAXD and WAXD measurements of the temperature dependence of intensity in hairless mouse stratum corneum. (a) The intensity contour of
SAXD. The Lorentz correction for the intensity was performed. (b) The intensity contour of WAXD. In a and b, the reciprocal spacing is expressed by S=(2/λ)sinθ,
where λ is the wavelength of the X-ray and 2θ is the scattering angle. The intensity is shown by colored lines, the scale for which is indicated in the bar on the right
side. High-to-low intensity is shown by red-to-violet. The horizontal lines indicate the transition temperatures obtained from highly sensitive differential scanning
calorimetry in hairless mouse SC [13]. The thick curve Awith the extended thin curve is the first-order diffraction of the long lamellar structure. The thick curve B with
the extended thin curve is the first-order diffraction of the short lamellar structure. The dotted curve C was drawn in such a way that it starts at 2.245 nm−1 near 32 °C
and terminates at 2.20 nm−1 near 55 °C; between these points, it is tentatively connected because in this temperature interval, the broad peak lies behind the relatively
strong peak of soft keratin. The thick curve D with the extended thin curve indicates the diffraction peak from the high-temperature hexagonal phase.
1832 I. Hatta et al. / Biochimica et Biophysica Acta 1758 (2006) 1830–1836types of hydrocarbon-chain packing appear in the same
domain over both low and high temperatures, the lattice
constant of the high-temperature hexagonal phase should
be greater than that of the low-temperature hexagonal
phase, which is the standard behavior observed with
most lipids. However, as seen in Fig. 1b, the lattice
constant of the low-temperature hexagonal hydrocarbon-
chain packing is 0.4160 nm (S=2.404 nm−1) at 30 °C
and that of the high-temperature hexagonal packing is
0.4117 nm (S=2.429 nm−1) at 50 °C. This is consistent
with the observation in the murine SC by White et al. [3]
that the lattice constant is 0.416 nm at 25 °C and
0.412 nm at 45 °C. Thus, the phase transition at 39 °C is
not from the low-temperature hexagonal to the high-
temperature hexagonal phase, but from the orthorhombicto the high-temperature hexagonal phase. This fact
indicates that the positions of the domains in the
orthorhombic phase and the high-temperature hexagonal
phase are the same. Therefore, the high-temperature
hexagonal phase represented by the thick curve D results
from the orthorhombic phase. On the other hand, the
domain in the low-temperature hexagonal phase below
39 °C may undergo a transition to a liquid-crystalline-
like state at 32 °C, as observed with DSC [13]. This will
be discussed below (d). This phase transition is not easy
to detect by SAXD because the diffraction intensity of
the hydrocarbon-chain packing in the liquid-crystalline-
like state is very broad.
(c) On SAXD, below 51 °C in the region of 0.16<S<
0.21 nm−1, the broad diffraction peak for the short
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and third-order diffraction peaks for the long lamellar
structure. Above 51 °C, the broad peak for the short
lamellar structure becomes much more obvious and
shifts towards higher angles (this behavior indicates that
the repeat distance for the short lamellar structure
decreases). At 71 °C, the broad peak becomes much
wider and shifts further towards higher angles, and the
broad peak diminishes at around 80 °C (see the thick
curve B and the extrapolated thin curve in Fig. 1a). This
is compatible with the results for one mouse SC
obtained by Bouwstra et al. [4]: at 45 °C, a shoulder
due to SAXD for the short lamellar structure becomes
pronounced; at 55 °C, a broad single peak appears at
6.10 nm; with further increases in temperature, the
diffraction peak becomes much broader and shifts
markedly towards higher angles (this behavior indicates
that the repeat distance for the short lamellar structure
decreases considerably); and near 80 °C, the peak
disappears.
(d) On WAXD, at about 71 °C, the diffraction peak for the
high-temperature hexagonal phase becomes very weak
(see the thin curve extrapolated from the thick curve D
in Fig. 1b). Instead, a broad peak at about 0.46 nm
(S≈2.18 nm−1), which represents the liquid-crystalline
phase, becomes much more pronounced. On the other
hand, it is noteworthy that another broad peak already
exists below 71 °C. At 24 °C, a narrow ridge at
0.445 nm (S=2.245 nm−1) appears in the intensity
contour; near 32 °C, it seems to turn into a broad ridge
spread over S=2.15–2.34 nm−1 (see the kinks that
appear in the intensity contours). On the basis of high-
resolution DSC [13], it has been proposed that at 32 °C
the phase transition from the low-temperature hexagonal
to the liquid-crystalline-like state takes place. The
narrow ridge observed below 32 °C seems to finally
turn into a broad peak near 0.46 nm (S=2.18 nm−1) for
a liquid-crystalline state above 56 °C (see the dotted
curve C in Fig. 1b). At about 71 °C, this broad ridge
seems to merge into the broad ridge of the liquid-
crystalline phase that originates from the orthorhombic
hydrocarbon-chain packing. The dotted curve C was
drawn in such a way that it starts at 2.245 nm−1 near
32 °C and terminates at 2.20 nm−1 near 55 °C; between
these points it is tentatively connected by the dotted
curve. Because the relatively strong broad peak for soft
keratin occurs at about S=2.22 nm−1 (0.45 nm) [15],
the liquid-crystalline-like broad ridge lies behind the
peak for soft keratin. Therefore, the peak position of the
liquid-crystalline-like broad ridge is not independently
identifiable. The validity of connecting the dotted curve
is considered in the Discussion. It should be noted that
the appearance of the broad ridge described above is
consistent with the observation by White et al. [3] that a
broad peak appears at about 0.46 nm in the murine SC,
even at 25 °C. The behavior on WAXD described above
was essentially the same in all the experiments weperformed, although the intensity of the peak at
0.445 nm varied from sample to sample.
By comparing the results from SAXD andWAXD (in Fig. 1a
and b), we found that both the thick curve B and the thick curve
D occur in the same temperature range, from 51 °C to 71 °C.
However, the counterpart of the thick curve A corresponds to
the dotted curve C because they appear in the same temperature
range, from 32 °C to 56 °C. It should be noted that thick curve B
is the trace of the diffraction peak for the short lamellar
structure; the thick curve D is the trace of the diffraction peak
for the high-temperature hexagonal hydrocarbon-chain packing
originating from the orthorhombic hydrocarbon-chain packing;
thick curve A is the trace of the diffraction peak for the long
lamellar structure; and the dotted curve C seems to be the trace
of the diffraction peak for the liquid-crystalline hydrocarbon-
chain packing originating from the low-temperature hexagonal
hydrocarbon-chain packing. Therefore, we propose the coexis-
tence of two domains at room temperature: one composed of the
long lamellar structure with low-temperature hexagonal hydro-
carbon-chain packing, and the other composed of the short
lamellar structure with orthorhombic hydrocarbon-chain
packing.
4. Discussion
Above, we proposed the coexistence of two domains in the
intercellular lipid matrix of the SC. First, to verify this
proposal, we will perform a quantitative analysis in terms of
the shape factor in a self-organized lipid assembly, as
suggested by Israelachvili [16]. We modify the concept of
the shape factor to consider the relationship between the
lamellar structures and hydrocarbon-chain packing in the SC.
Usually, the flexible hydrocarbon chain is taken into account
when considering a variety of the structures of a self-organized
lipid assembly. Temperature rise increases the hydrocarbon-
chain motion, involving trans-gauche isomerization, and
thereby reduce their limiting lengths. On the other hand, the
temperature dependence of the head-group area depends on the
material [17]. We confine our present considerations to the
lamellar structure of the SC only and are interested in its
temperature dependence. In the SC, the lamellar repeat
distances decrease with an increase in temperature, and the
lattice spacing of the hydrocarbon-chain packing expands. For
further considerations, we assume that (1) the hydrocarbon
chains are packed into a critical packing shape and the head-
group of the lipid takes an optimal surface area so that the
assembly of the lipids has minimum free energy, (2) the water
layer has an adjusted shape in response to the hydrocarbon-
chain packing. One of the ruling parameters in the self-
organized structural formation of a flat lamellar structure is the
optimal surface area obtained from the cross section of a rod-
like single hydrocarbon chain, which can be estimated from
the lattice constants of the hydrocarbon-chain packing. We
note that in the present study, the water content in the SC was
kept at about 25 wt.% during all measurements. Thus, the
modified shape factor for the lamellar structures of the SC,
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be expressed by
m
al
;
where a is the cross-sectional area of a rod-like hydrocarbon
chain, l is the lamellar repeat distance, and ν is the effective
volume occupied by a hydrocarbon chain, part of a lipid head-
group, and a water layer. Generally, in a lipid assembly, when
the shape factor is nearly unity, a bunch of rods that symbolize
hydrocarbon-chain packing lies laterally and forms a flat
structure. Within the SC, in considering the temperature
dependence of the lamellar repeat distance and the lattice
constant of the hydrocarbon-chain packing, it is quite plausible
within the framework of the above assumptions that the
lamellar repeat distance is strongly related to the state of the
hydrocarbon-chain packing. To maintain a flat lamellar
structure, when the hydrocarbon-chain packing density
becomes loose, the lamellar repeat distance becomes short:
that is, when l becomes small, a becomes large. As a result,
we can expect that the effective volume v is kept almost
constant in a single phase. We applied this relation to the
domain with the long lamellar structure. In the analysis for the
long lamellar structure, the contribution of the water layer is
not included because the swelling does not takes place by the
increase of water content [5,10] and then, there is no water
layer substantially. The analysis was carried out for both ends
of the dotted curve C in Fig. 1b and for the thick curve A in
Fig. 1a. From the cross-sectional area of a rod-like
hydrocarbon chain a and the lamellar repeat distance l, the
effective volume v were calculated at 35.0 °C, 52.5 °C, and
55.0 °C, as shown in Table 1a. As seen in the last column of
Table 1a, the volume remains almost constant at both ends of
the dotted curve C. This is consistent with the fact that the
whole plot of the dotted curve C may derive from the liquid-
crystalline-like hydrocarbon-chain packing originating from
the low temperature hexagonal hydrocarbon-chain packing inTable 1
Analyses based upon the modified shape factor (see the text for details)
Temperature (°C) a (nm2) l (nm) v (nm3)
a
35.0 0.229 13.37 3.062
52.5 0.238 12.88 3.065
55.0 0.239 12.64 3.026
b
50 0.197 5.95 1.17
55 0.198 5.81 1.15
60 0.199 5.75 1.14
65 0.201 5.46 1.10
(a) The cross-sectional area, a, obtained from the lattice constant of the liquid-
crystalline-like hydrocarbon-chain packing (see both ends of the dotted curve C
in Fig. 1b), the lamellar repeat distance, l, of the long lamellar structure (see the
thick curve A in Fig. 1a), and the effective volume, v, per hydrocarbon chain. (b)
The cross-sectional area, a, obtained from the lattice constant of the high-
temperature hexagonal hydrocarbon-chain packing (see the thick curve D in Fig.
1b), the lamellar repeat distance, l, of the short lamellar structure (see the thick
curve B in Fig. 1a), and the effective volume, v, per hydrocarbon chain.the long lamellar structure. Next, we applied the modified
shape factor to the domain related to the short lamellar
structure. The analysis was performed for the results above
39 °C, where the short lamellar structure has a high-
temperature hexagonal hydrocarbon-chain packing. For the
thick curve D in Fig. 1b and the thick curve B in Fig. 1a, the
effective volume v was also calculated at 50 °C, 55 °C, 60 °C,
and 65 °C, as shown in Table 1b. As seen in the last column of
Table 1b, the volume also remains almost constant. This
consistency in the values for the effective volumes seems to
indicate the extension of the concept of the shape factor. The
above results are consistent with the proposal described in the
Results.
As pointed out in the Introduction, at a lattice constant of
about 0.42 nm (S ≈2.4 nm−1), the diffraction peaks for
orthorhombic and low-temperature hexagonal hydrocarbon-
chain packing overlap coincidentally. To analyze the two peaks
in detail in the temperature range from 20 °C to 45 °C, we
plotted the profiles of intensity I versus the reciprocal spacing S
around S ≈2.4 nm−1 (Fig. 2a). As seen in Fig. 2a, the profile
consists of at least two peaks. We then applied two Gaussian
functions to fit the profile as
I ¼ I1exp ðS  S1Þ
2
2r21
" #
þ I2exp ðS  S2Þ
2
2r22
" #
;
where S1 and S2 are the centers of the two peaks and σ is the
standard deviation. The suffixes 1 (open circle in the figures)
and 2 (open square in the figures) denote the narrow and broad
diffraction peaks, respectively (see Fig. 2c). In Fig. 2a, the
original plots of the profiles for intensity are shown, together
with the two Gaussian curves and their sum. The fitting analysis
is satisfactory. The other results are shown in Fig. 2b for S1 and
S2 versus temperature T; in Fig. 2c for full width at half
maximum versus T; and in Fig. 2d for integrated intensity
versus T. In the present analysis, it is difficult to conclude the
origin of the diffraction peaks directly. However, from the
temperature dependence of the integrated intensity (Fig. 2d), we
propose that peak 1 (denoted by open circles) originates from
the orthorhombic hydrocarbon-chain packing because it
diminishes toward 39 °C. On the other hand, peak 2 exhibits
unusual behavior in that S2 starts to increase at 27.5 °C (Fig.
2d). This fact seems to indicate that another peak appears above
25 °C. Therefore, we speculate that the original peak 2
disappears at 32 °C.
We consider the origin of the liquid-crystalline-like phase
which is shown by the dotted curve C in Fig. 1b. In the contour of
WAXD (Fig. 1b), a narrow ridge at 0.445 nm (S=2.245 nm−1)
appears at 24 °C and merges into a wide ridge at about 32 °C.
This behavior on WAXD is essentially common to all the
samples measured, although the intensity of the peak at
0.445 nm depends on the sample. As seen in Fig. 2b, S2
decreases slightly with temperature and therefore, the lattice
constant of the hydrocarbon-chain packing increases in this
temperature range. On the other hand, the repeat distance of the
long lamellar structure remains almost unchanged up to 32 °C.
To satisfy these incompatible temperature dependencies at the
Fig. 2. WAXD around S ≈2.4 nm−1 in the temperature range from 20 °C to 35 °C, where the diffractions of the orthorhombic and low-temperature hexagonal
hydrocarbon-chain packing are superimposed. The reciprocal spacing S is defined in the same way as in Fig. 1. The profiles were analyzed by fitting them to two
Gaussian functions. (a) WAXD profiles with the two Gaussian dotted curves and the curve of their sum. (b) The peak positions S1 expressed by open circles and S2
expressed by open squares. (c) The full width at half maximum for the two diffraction peaks S1 and S2, where the half-width is narrow for S1 and wide for S2. In these
plots, it is clear that the two diffraction peaks are distinct from one another. (d) The integrated intensities for the two diffraction peaks.
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packed hexagonal hydrocarbon chains, which are the precursors
of the transition from the low-temperature hexagonal phase to
the liquid-crystalline-like state. The appearance of these clusters
may give rise to the narrow ridge in the diffraction profile at
0.445 nm (S=2.245 nm−1) from 24 °C to 32 °C.
So far the existence of the domains in the SCs and in the
mixtures composed of the lipids in the SC has been reported in
various cases. From electron micrographs, the domain com-
posed of the long lamellar structure has been observed for the
murine SC fixed with ruthenium tetraoxide [18]. On the other
hand, the hydrated lipid assembly with a 2:1:1 mole ratio of pigceramide:cholesterol:palmitic acid exhibits a diffraction pattern
with a single sharp wide-angle diffraction at 0.41 nm and small-
angle diffraction for 13 nm [19,20]. This fact indicates that the
existence of a domain of the long lamellar structure with the
hexagonal hydrocarbon chain packing and then, there is a
possibility of the existence of such a domain in the SC. For the
mixtures of human ceramides, fatty acids and cholesterol, the X-
ray diffraction study has been performed [21]. In the mixture of
ceramides and cholesterol, the diffraction peaks of the
hexagonal hydrocarbon-chain packing and the long lamellar
structure in the wide- and the small-angle, respectively, are
dominant and furthermore in the mixture of ceramides, fatty
1836 I. Hatta et al. / Biochimica et Biophysica Acta 1758 (2006) 1830–1836acids and cholesterol, the diffraction peaks of orthorhombic
hydrocarbon-chain packing and the short lamellar structure in
the wide- and the small-angle, respectively, where the lamellar
repeat distance is 5.5 nm, are most dominant. These results
indicate that there are two groups of the structures according to
the components of the lipids; one has the long lamellar structure
with the hexagonal hydrocarbon-chain packing and the other
has the short lamellar structure with the orthorhombic
hydrocarbon-chain packing. The above results seem to be
consistent with the present results in the SC and especially the
last results are very suggestive in the consideration of the ruling
lipid components in the formation of the two domains in the SC.
In the present study, we demonstrate that in the SC at room
temperature, the short lamellar structure is composed of
orthorhombic hydrocarbon-chain packing and the long lamellar
structure is composed of low-temperature hexagonal hydrocar-
bon-chain packing as pointed out in the last paragraph in
Results. Namely we point out that both the long lamellar
structure and the short lamellar structure are principal structures
in the intercellular lipid matrix, although at room temperature,
the SAXD of the short lamellar structure is not always easily
detectable because the weak SAXD of the short lamellar
structure is hidden behind the strong SAXD of the long lamellar
structure.
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